Introduction {#S1}
============

Nasopharyngeal carcinoma (NPC) arises from the epithelial lining of the nasopharynx ([@R1]) and is one of the most poorly understood types of cancer. NPC has a remarkable ethnic and geographic distribution: it is highly prevalent in southern China, Southeast Asia, northern Africa, and Alaska ([@R2]). The annual incidence peaks at 50 cases per 100,000 people in endemic regions, but it is rare in the Western world (1 per 100,000 people) ([@R3]). Etiologic studies have indicated that Epstein-Barr virus (EBV) infection, environmental factors, and genetic susceptibility are associated with NPC ([@R1], [@R2], [@R4]).

Cisplatin chemotherapy and radiotherapy have become the main treatments for NPC ([@R5]). Unfortunately, many NPC patients do not benefit much from concurrent chemoradiotherapy; 30% to 40% of patients develop distant metastases within 4 years ([@R6], [@R7]), and once metastasis occurs, the prognosis is very poor. One of the primary causes of treatment failure is the development of resistance to antitumor drugs and radiation ([@R8]). Therefore, understanding the molecular mechanisms of radio- and chemo-sensitivity/resistance in NPC will improve the development of novel therapeutic approaches and result in better clinical outcomes.

Jab1/CSN5 (Jab1 hereafter) as we initially identified as a c-Jun coactivator, is also known as the fifth component of the COP9 signalosome (CSN) complex (CSN5) ([@R9]). Jab1/CSN5 plays an essential role in positively regulating cellular proliferation by functionally inactivating several key negative regulatory proteins and tumor suppressors through their subcellular localization and degradation, including p53, Smad 4/7, and the cyclin-dependent kinase inhibitor p27^Kip1^ (p27) ([@R10]). Abnormal overexpression of Jab1 is correlated with a lower rate of survival in patients with breast cancer ([@R11]), anaplastic large cell lymphoma ([@R12]), pancreatic adenocarcinomas ([@R13]), and other types of cancer ([@R10]). Recently, we have found that Jab1 overexpression is also correlated with a lower survival rate in patients with NPC ([@R14]). Because DNA-damaging strategies, such as radiotherapy and the majority of chemotherapeutic therapies, are the most frequently used non-surgical anti-cancer therapies for human cancers, it is conceivable that Jab1 overexpression contributes to the reduced antitumor effects of these therapies. Indeed, our previous studies in mice indicate that Jab1 is essential for DNA repair and linked to the maintenance of genome integrity and cell survival ([@R15]). Loss of Jab1 sensitized cells to gamma radiation--induced apoptosis and increased spontaneous DNA damage and homologous recombination defects ([@R15]). This suggests that inhibiting Jab1 in tumor cells may enhance the sensitivity of these cells to DNA-damaging therapy. Sources of DNA damage include ultraviolet (UV) light, ionizing radiation (IR), cisplatin and a variety of industrial and environmental chemical compounds ([@R16]); thus, in our study we use cisplatin, IR and UV to represent the major DNA damage agents. On the basis of our previous findings, we hypothesized that Jab1 contributes to cisplatin, IR and UV resistance.

To test this hypothesis, we analyzed the effects of Jab1 on the response of three NPC cell lines to cisplatin, IR and UV radiation. We demonstrated that knocking down Jab1 expression in these NPC cells sensitized them to cisplatin, IR and UV radiation, and conversely, overexpression of Jab1 contributes to cisplatin and irradiation resistance in NPC cells by positively regulating the levels of the DNA repair gene *Rad51*. These observations suggest that Jab1 is a major contributor to the cisplatin, IR and UV radiation resistance of NPC. Jab1 therefore represents a novel therapeutic target in patients with NPC and a biomarker in predicting treatment outcomes of these patients treated with cisplatin- and irradiation-based therapy.

Results {#S2}
=======

Cisplatin, IR and UV sensitivity/resistance patterns in NPC cell lines {#S3}
----------------------------------------------------------------------

As adjuvant cisplatin chemotherapy and radiotherapy are the main treatments for NPC, we measured the sensitivity of a panel of NPC cell lines to these genotoxic agents. We exposed three NPC cell lines to various doses of cisplatin, IR and UV. Cells were incubated with various concentrations of cisplatin for 48 h. Cisplatin inhibited the relative viable cell number in a dose- and time-dependent manner ([Figures 1a and 1b](#F1){ref-type="fig"}). Interestingly, the three NPC cell lines responded differently to cisplatin, with CNE1 being the most sensitive, the relative resistance factor (RRF) was 2.5 and 3.5 times higher in CNE2 and HONE1 cells than in CNE1 cells. In addition, IR and UV were cytotoxic to NPC cell lines in a dose- and time-dependent manner ([Figures 1a and 1b](#F1){ref-type="fig"}). As was the case with cisplatin, CNE1 cells displayed an enhanced IR -and UV -induced cell inhibition among the NPC cell lines tested.

To determine whether the cisplatin and UV sensitivity of CNE1 cells is followed by increases in apoptosis, CNE1, CNE2, and HONE1 cells were treated with cisplatin (5 μM) or UV (40 J/m^2^) and analyzed by Hoechst 33342 staining, which detects condensed nuclei, an indicator of apoptosis. Treatment of NPC cells with cisplatin or UV radiation resulted in a marked increase in the number of apoptotic cells ([Figure 1c](#F1){ref-type="fig"}). However, significantly more CNE1 cells (18% and 17%, respectively) underwent apoptosis after being treated with cisplatin and UV radiation than either CNE2 (10% and 12%, respectively) or HONE1 (5% and 8%, respectively) cells. To confirm these findings with an independent assay, we measured apoptosis by PI staining and flow cytometry. Forty-eight h after cisplatin exposure, 22% of the CNE1 cells had hypodiploid (sub-G1) DNA content, reflecting apoptosis, whereas only 16 % of CNE2 and 9% of HONE1 had hypodiploid DNA ([Figure 1d](#F1){ref-type="fig"}). At the same time, treatment with IR and UV significantly increased the number of CNE1 cells in the sub-G1 phase compared with that of CNE2 and HONE1 cells in the sub-G1 phase (CNE1 vs CNE2 cells, 3.4-fold more at 4 Gy IR, and 1.2- and 1.6-fold more at 20 J/m^2^ and 40 J/m^2^ UV radiation, respectively; and CNE1 vs HONE1 cells, 3.5-fold more at 4 Gy IR and 3.1-fold more at both 20 J/m^2^ and 40 J/m^2^ UV radiation.

Contribution of Jab1 depletion to cisplatin, IR and UV sensitivity of NPC cells {#S4}
-------------------------------------------------------------------------------

We first examined the Jab1 expression levels in CNE1, CNE2, and HONE1 cells by western blotting. HONE1 and CNE2 cells expressed higher levels of Jab1 than CNE1 cells ([Figure 2a](#F2){ref-type="fig"}). We next examined whether suppression of Jab1 expression could increase the sensitivity of NPC cells to cisplatin, IR and UV by knocking down Jab1 in HONE1 and CNE2 cells. Western blotting showed that Jab1 expression was successfully knocked down in the Jab1 siRNA--treated HONE1 ([Figure 2b](#F2){ref-type="fig"}) and CNE2 cells ([Figure 2c](#F2){ref-type="fig"}). HONE1 cells with reduced Jab1 expression showed an increase in the efficacy of cisplatin, IR and UV radiation compared with control cells transfected with a scrambled siRNA. The relative viable cells was reduced by 9% and 26% following cisplatin treatment at 8 and 16 μM; by 10% and 12% following IR at 8 and 16 Gy; and by 12% and 25% following UV radiation at 20 and 80 J/m^2^, respectively ([Figure 2b](#F2){ref-type="fig"}). The Jab1 siRNA--treated CNE2 cells showed increased sensitivity to cisplatin, IR and UV, with approximately 11% and 15% decreases in the relative viable cells when treated with 4 μM and 8 μM cisplatin, and 13% and 18% decreases upon 8 and 16 Gy IR, compared with the scrambled siRNA treated controls, and 9% and 41% decreases in the relative viable cells upon 20 and 80 J/m^2^ UV radiation, respectively ([Figure 2c](#F2){ref-type="fig"}).

We also established a stable Jab1 shRNA--transfected CNE2 cell line to test the effects of Jab1 depletion on the cells' response to cisplatin, IR and UV using a colony formation assay. We observed similar results to those described above; CNE2 cells transfected with Jab1 shRNA had fewer colonies when exposed to cisplatin or IR or UV ([Figure 2d](#F2){ref-type="fig"}). Thus, downregulation of Jab1 likely contributes to the increased sensitivity of the NPC cells to cisplatin, IR and UV.

To confirm the above conclusion, we next conducted the reverse experiment, we increased Jab1 expression in CNE1 cells and determined whether it would enhanced the resistance of CNE1 cells to cisplatin and UV radiation treatments. Thus, CNE1 cells were transfected with Myc-Jab1 cDNA, and relative viable cells was measured by the MTT assay ([Figure 2e](#F2){ref-type="fig"}). The CNE1 cells overexpressing Jab1 displayed decreased cisplatin-induced cell inhibition, with a 1.25 times higher relative viable cells than control cells transfected with a vector ([Figure 2e](#F2){ref-type="fig"}). Similar results were seen when the cells were treated with UV irradiation, with a 1.6 times higher relative viable cells than control cells. Taken together, we conclude that Jab1 depletion increases the sensitivity of NPC cells to cisplatin and UV radiation.

Loss of Jab1 results in increased apoptosis induced by cisplatin, IR and UV {#S5}
---------------------------------------------------------------------------

As discussed above, CNE1 cells displayed increased cisplatin-, IR- and UV-induced apoptosis compared with CNE2 or HONE1 cells ([Figures 1c and 1d](#F1){ref-type="fig"}). To determine whether Jab1 downregulation mediates this process, we first examined whether knocking down Jab1 in HONE1 cells increased cisplatin-, IR- and UV-induced apoptosis. HONE1 cells transfected with Jab1 siRNA had significantly more apoptosis after cisplatin treatment (1.2- to 1.4-fold more apoptosis, as measured by PI staining; [Figure 3a](#F3){ref-type="fig"}) and IR (1.2- to 1.3-fold more apoptosis) than control siRNA--transfected cells ([Figure 3b](#F3){ref-type="fig"}). Similar results were seen when cells were treated with UV radiation (1.7- to 2.5-fold more apoptosis) ([Figure 3c](#F3){ref-type="fig"}). Because cleavage of PARP and caspase-3 activation are hallmarks of the initiation of apoptosis ([@R17], [@R18]), we further examined the influence of Jab1 on cisplatin-, IR- and UV-induced apoptosis in NPC cells. HONE1 cells transfected with Jab1 siRNA displayed increased cisplatin-, IR- and UV-induced PARP and caspase-3 cleavage compared with control cells when exposed to cisplatin, IR and UV ([Figures 3a, 3b and 3c](#F3){ref-type="fig"}). By contrast, overexpression of Jab1 in CNE1 cells blocked cisplatin- and UV radiation-induced apoptosis, as measured by Hoechst 33342 staining and analysis of PARP and caspase-3 cleavage. Myc-Jab1-treated CNE1 cells had 35% and 25% fewer apoptotic cells with condensed nuclei and less PARP and caspase-3 cleavage than the control pcDNA-treated CNE1 cells after cisplatin or UV radiation treatment ([Figure 3d](#F3){ref-type="fig"}).

The increase in cisplatin-, IR- and UV radiation-induced apoptosis upon Jab1 depletion is not cell line specific {#S6}
----------------------------------------------------------------------------------------------------------------

To rule out the possibility that the increase in cisplatin-, IR and UV radiation--induced apoptosis upon Jab1 depletion was specific to the HONE1 cell line, we also determined the effects of knocking down Jab1 expression in CNE1 and CNE2 cells. Loss of Jab1 in both cell lines ([Figures 2c](#F2){ref-type="fig"} and [6a](#F6){ref-type="fig"}) resulted in greater apoptosis, with 1.4- and 4.4-fold (CNE1 and CNE2, respectively) more apoptosis when cells were treated with cisplatin ([Figure 4a](#F4){ref-type="fig"}).

To confirm this finding, we evaluated the levels of cleaved PARP and caspase-3 by western blotting and apoptosis by PI staining. After treating cells with cisplatin, IR and UV, both CNE1 and CNE2 cells transfected with Jab1 siRNA displayed higher levels of either cleaved PARP or caspase-3 than the control cells ([Figure 4b, 4c and 4d](#F4){ref-type="fig"}). Moreover, we exposed Jab1 siRNA--treated CNE2 cells with different doses of cisplatin and found a increases in apoptotic cells compared with the control cells (1.1 to 1.6 folds more apoptosis; [Figure 4b](#F4){ref-type="fig"}, right). Similar results were found when the cells were treated with UV radiation (2.3- to 3.2-fold more apoptosis; [Figure 4c](#F4){ref-type="fig"}, right). Thus, we conclude that the role of Jab1 depletion in cisplatin, IR and UV radiation was not cell-line specific.

Jab1-deficient cells have increased sensitivity to DNA damage stimuli {#S7}
---------------------------------------------------------------------

Enhanced DNA damage repair is one of the mechanisms of cisplatin or irradiation resistance ([@R19]). To identify the effect of Jab1 on DNA damage and repair, reverse-phase protein microarray (RPPA) analysis was performed to examine the activation status of several key signaling molecules related to DNA damage and repair that are induced upon genotoxic stress. Quantitative assessment of total- and phospho-protein levels in Jab1-knockdown cell lines, by RPPA analysis showed much larger changes in the levels of apoptosis markers (cleaved caspase-3, 7, 8 and PARP, Bax, Bak, Bcl-xL) and DNA damage markers (p53, p-Chk2 and NF-kB) and DNA damage repair gene Rad51 than in the control siRNA-treated cells upon exposure to cisplatin and UV radiation ([Figure 5a and 5b](#F5){ref-type="fig"}). The results of the RPPA analysis agree with our western blotting data, confirming that Jab1 depletion promotes apoptosis in NPC cells after cisplatin and UV radiation treatment.

To confirm the results of the RPPA analysis, Jab1 siRNA--treated cells were exposed to cisplatin or UV radiation, and the levels of several crucial DNA damage and repair proteins involved in both cisplatin and UV induction, including phosphor-specific (Ser-139) histone H2AX (γ-H2AX), phospho-Chk2, p53 and Rad51 ([@R20]-[@R25]), were analyzed. Jab1 siRNA--treated HONE1 cells exhibited higher levels of γ-H2AX, which are early indicators of the presence of DNA double-strand breaks ([Figure 5c](#F5){ref-type="fig"}). γ-H2AX spans megabases of DNA flanking a DNA damage site and allows the recruitment of DNA damage repair proteins. Similarly, the levels of phospho-Chk2, a key molecule in transducing DNA damage signals ([@R26]), were increased after cisplatin and UV exposure regardless of whether the cells were treated with Jab1 siRNA (although the phospho-Chk2 levels were higher in Jab1-deficient cells). By contrast, levels of Rad51, a key protein for DNA repair ([@R27]), were reduced in Jab1 siRNA-treated NPC cells 48 h after the cells were treated with cisplatin or UV radiation ([Figure 5c](#F5){ref-type="fig"}). Additionally, we also found that γ-H2AX levels were higher, whereas the Rad51 levels were lower in Jab1 siRNA-treated cells than in control siRNA-treated cells upon IR exposure ([Figure 5d](#F5){ref-type="fig"}). These results indicate that Jab1 deficiency enhances DNA damage and decreases DNA repair after exposure to DNA damage stimuli.

Decreased DNA repair in Jab1 knockdown cells correlated with reduced expression of the DNA repair gene Rad51 {#S8}
------------------------------------------------------------------------------------------------------------

To further induce the interaction between Jab1 and Rad51, we transfected NPC cells with an ectopic Jab1 plasmid or Jab1 siRNA or transduced them with Jab1 adenovirus in the presence or absence of doxycycline. As expected, 48 h after transfection, Jab1 protein levels were substantially increased in the Jab1 plasmid-- and adenovirus--treated cells or decreased in the Jab1 siRNA--treated cells ([Figure 6a](#F6){ref-type="fig"}). The exogenous overexpression of Jab1 was associated with an increase in Rad51 levels, while reduced expression of endogenous Jab1 protein was associated with a decrease in Rad51 levels in the NPC cell lines. Moreover, a correlation plot of the Jab1 and Rad51 blot intensities (using data pooled from control- and Jab1 siRNA-- or Myc-Jab1 plasmid--transfected or Jab1 adenovirus--transduced cells) showed that there is a linear correlation between the levels of the two proteins (r= 0.6824; p=0.0072), confirming that the levels of Jab1 are proportional to the Rad51 levels in NPC cells.

Because increased levels of p53 were found in Jab1-deficient cells exposed to cisplatin or UV radiation and because p53 has been reported to regulate Rad51 expression ([@R28], [@R29]), we investigated whether the reduction in Rad51 upon knockdown of Jab1 was mediated by negative regulation of p53. As expected, we found that the levels of Rad51 were lower in Jab1 siRNA and shRNA--treated NPC cells than in control siRNA and shRNA--treated cells ([Figure 6b and 6c](#F6){ref-type="fig"}). However, after knocking down p53 expression, there was no or less reduction in the Rad51 levels in the Jab1 siRNA and shRNA--treated NPC cells ([Figure 6b and 6c](#F6){ref-type="fig"}). To further confirm this results, we also extracted the total RNA from siRNA transfected stable cell lines and performed the real time PCR, again, we found that Rad51 RNA level was lower accompanied by decreased level of Jab1 in shRNA-treated CNE2 cells; however, the Rad51 RNA level was increased after p53 siRNA transfected, regardless of Jab1 or control shRNA treatment ([Figure 6c](#F6){ref-type="fig"}, right). These results indicate that reduction of Rad51 levels in Jab1-deficient cells is at least partly p53-dependent.

Furthermore, Jab1 depletion not only decreased the level of Rad51 but also affected its activity, as indicated by loss of Rad51 causing extensive chromosomal breaks, leading to apoptosis ([@R30]). A colony formation assay showed that Jab1-deficient cells were less efficient at forming colonies after cisplatin or IR or UV treatment, and this effect was attributable to the reduction of Rad51 ([Figure 6d](#F6){ref-type="fig"}). In addition, transiently transfecting Rad51 plasmid DNA into Jab1-deficient cells altered and reversed their survival curves: the pattern of colony formation in these cells was similar to that of the control shRNA--treated cells, indicating that adding back Rad51 can rescue the DNA damage repair function in Jab1-deficient cells ([Figure 6d](#F6){ref-type="fig"}). Western blotting confirmed the ectopic expression of Rad51 in the siRNA-transfected cells ([Figure 6d](#F6){ref-type="fig"}, left panel). To determine whether rescue of the DNA repair function by the expression of ectopic Rad51 was reflected in decreased DNA damage and thus led to reduced apoptosis, we measured levels of apoptosis and DNA damage repair proteins by western blot. Jab1 shRNA--treated cells had higher levels of cleaved caspase-3 and γ-H2AX after cisplatin, IR and UV exposure ([Figure 6e](#F6){ref-type="fig"}, Top), supporting our hypothesis that Jab1 depletion enhances genotoxic stress-induced apoptosis and DNA damage. Furthermore, ectopic Rad51 expression reduced levels of cleaved caspase-3 and γ-H2AX induced by cisplatin, IR and UV ([Figure 6e](#F6){ref-type="fig"}, bottom). These results suggest that Jab1 depletion reduces the expression of Rad51, leading to a reduction in the ability of cells to repair DNA lesions and an increase in apoptosis, thus sensitizing NPC cells to cisplatin, IR and UV.

Discussion {#S9}
==========

Here, we have shown that overexpression of Jab1 plays an important role in cisplatin and irradiation resistance in NPC cells by positively regulating the levels of the DNA repair gene *Rad51*. These findings suggest that Jab1 is a major contributor to the cisplatin, IR and UV resistance of NPC and indicate that Jab1 expression could be used as a biomarker in predicting treatment outcomes of patients with NPC treated with cisplatin- and irradiation-based therapy.

Chemotherapy and radiotherapy are the most common treatments for cancers, but patients frequently do not respond to these treatments ([@R8]). Resistance to chemotherapy or radiotherapy may result from failure of the apoptosis pathways that are activated in response to drug treatment or irradiation. Our data showed that NPC cell lines have different responses to cisplatin, IR and UV radiation. CNE2 and HONE1 cells are relatively more resistant to cisplatin, IR and UV than CNE1 cells. It has been widely reported that cisplatin interfere with the cell cycle to act as anti-cancer agents. Cisplatin has been found to arrest the cell cycle at the G2/M phase in several tumor cell types, including NPC ([@R31]). Consistent with these reports, we also observed an increase in G2/M cell population following cisplatin treatment in NPC cells ([Fig. S1](#SD2){ref-type="supplementary-material"}). Interestingly, we found that a lower cisplatin concentration (2.5 μM) did not significantly affect cell cycle progression in HONE1 cells. However, a more substantial cisplatin concentration (5 μM) arrested HONE1 cells at the G2/M phase approximately 2-fold by a mechanism that was not sensitive to cisplatin. Here it is noteworthy that DNA damage is thought to contain an amplification step that converts minor DNA damage into a full cell cycle arrest response ([@R32]). The fact that we observed cell cycle arrest only in response to major, but not minor, cisplatin-induced DNA damage also agrees with previous reports that only extensive DNA damage, and not minor damage, induced mitotic checkpoint activation ([@R31], [@R33]). DNA damage stimuli can promote apoptosis in tumor cells, but cells may survive or experience G1 or G2/M cell cycle arrest upon DNA damage because of their inability to undergo apoptosis ([@R34]). In our study, we found CNE1 cells had a remarkable sub-G1 content characteristic of apoptotic cells in response to cisplatin, IR or UV. However, both CNE2 and HONE1 cells had less cell apoptosis in response to the same treatment. Thus, in our next experiments we determined whether loss of Jab1 promotes apoptosis of NPC cells in response to DNA damage. Our data indicate that CNE1 cells are more sensitive to cisplatin, a result that is also supported by Zizhen et al. ([@R35]). However, the cause of this treatment resistance is not fully understood. Our study revealed that Jab1 depletion contributes to increased UV and IR and cisplatin sensitivity by increasing DNA damage and suppressing DNA repair, which in turn, contributes to an increase in cisplatin-, IR-, and UV-induced apoptosis. This outcome establishes Jab1 as a potential marker for predicting the response of NPC to cisplatin and irradiation, helping to guide future treatment of NPC patients.

Recently, increased DNA damage repair has been reported to be one of the mechanisms of cisplatin or irradiation resistance ([@R19]). In eukaryotes, the DNA-repairing protein Rad51 plays a central role in DNA damage repair by forming nucleoprotein filaments and mediating strand exchange between DNA duplexes ([@R27]). Rad51 is essential for embryonic survival in response to exogenous DNA-damaging agents ([@R36]) and for the repair of spontaneously occurring chromosome breaks in proliferating cells ([@R37]). Aberrant levels of Rad51 have also been observed in a number of transformed cell types that may induce malignant transformation ([@R38]). Furthermore, overexpression of Rad51 can enhance spontaneous recombination frequency and increase resistance to double-strand break-inducing cancer therapies ([@R29], [@R39]). Inhibiting Rad51, therefore, has been explored as a way to sensitize cancer cells to chemotherapy and radiotherapy ([@R40], [@R41]). Our results showed that increased levels of γ-H2AX, a marker of DNA damage, were correlated with reduced expression of Rad51, indicating that a DNA repair defect was the cause of the increase in DNA damage in Jab1-deficient cells. This result could explain the impaired growth and increased apoptosis seen in Jab1-deficient cells exposed to DNA damaging stimuli. Furthermore, Jab1 positively regulates Rad51 in NPC, explaining why Jab1 depletion sensitizes NPC cells to cisplatin, IR and UV. By contrast, ectopic expression of Rad51 increased resistance to cisplatin, IR and UV in Jab1-deficient cells. This depletion of Jab1 resulting in the deregulation of the Rad51 and defects in DNA repair, contribute to the increased sensitivity of the cells to cisplatin, IR and UV. Our results also demonstrated that p53 is essential for the Jab1-mediated regulation of Rad51. The significance of the Jab1-mediated regulation of Rad51 needs to be explored in future mechanistic studies.

In conclusion, we demonstrated that Jab1 contributes to the sensitivity/resistance of NPC cells to cisplatin and irradiation. Jab1 depletion results in more cisplatin-, IR- and UV-induced apoptosis and DNA damage in NPC cells. The current finding that Jab1 positively regulates Rad51 and contributes to the response of NPC cells to cisplatin, IR and UV suggests that assessing the Jab1 level in patients may help predict response to cisplatin and radiation treatments, allowing the design of individualized treatment strategies for patients with NPC.

Materials and methods {#S10}
=====================

Reagents {#S11}
--------

Cell culture media were purchased from Mediatech Inc (Mannassas, VA, USA) and fetal bovine serum (FBS) was obtained from Gibco (Grand Island, NY, USA). Antibodies to the following proteins were used: Jab1 (Santa Cruz, CA, USA); PARP and p53 (BD Biosciences PharMingen, San Diego, CA, USA); Myc-tag (Roche Applied Biosciences, Indianapolis, IN, USA); caspase-3, γ-H2AX (p-Ser-139), and phosphor-Chk2 (Cell Signaling Technology); Rad51 (Calbiochem, San Diego, CA, USA); and β-actin (Sigma-Aldrich, St. Louis, MO, USA). TaqMan^®^ gene expression assays for the human Jab1/CSN5 (Hs00272789_m1), human Rad51 (Hs00153418_m1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) were from Applied Biosystems/Life Technology (Carlsbad, CA, USA). Lipofectamine Plus reagent and Oligofectamine reagent were purchased from Invitrogen (Carlsbad, CA, USA). Western Lightning Chemiluminescence Plus reagent was purchased from Thermo Scientific Pierce. The Annexin V/propidium iodide (PI) kit was purchased from BD Biosciences. A cell proliferation assay kit was purchased from Roche.

Cell cultures, plasmid and siRNA transfection {#S12}
---------------------------------------------

The human NPC cell lines CNE1 (well-differentiated, obtained from the Cancer Center, Sun Yat-sen University, China), CNE2 (poorly differentiated, given from the Cancer Center, Sun Yat-sen University), and HONE1 (poorly differentiated, the generous gift of Professor Ronald Glaser The Ohio State University Medical Center (Columbus, OH, USA), were cultured in RPMI-1640 medium containing 10% FBS and penicillin-streptomycin sulfate. The Myc-Jab1-pcDNA3.1 plasmid has been described previously ([@R13]). Cells were transfected with the plasmid using the Lipofectamine Plus reagent. The negative control small interfering RNA (siRNA; siControl 3) and siRNA targeting human *Jab1/CSN5* (siCOPS5 \#18546) were purchased from Ambion, Inc. (Austin, TX, USA). Transient transfections of NPC cells were performed using the Oligofectamine (Invitrogen) protocol with 5 nmol siRNA in RPMI-1640 with 10% FBS and no penicillin-streptomycin.

Adenoviral vectors and gene transduction {#S13}
----------------------------------------

A recombinant adenoviral vector expressing a doxycycline-regulated (Tet-Off) form of human Jab1 (Ad-Myc-Jab1) was constructed, as previously described ([@R13], [@R42]). NPC cells were transduced for 48 h with a regulatory virus (adeno-X Tet-Off, Clontech, Palo Alto, CA) and Ad-Myc-Jab1 at a multiplicity of infection of 50 in a growth medium containing 10% FBS in the presence or absence of 1 ug/mL doxycycline, a tetracycline analogue.

Establishment of small hairpin RNA (shRNA) stable cells {#S14}
-------------------------------------------------------

To generate stable cell lines with knockdown of Jab1, Jab1 shRNA oligonucleotides were cloned into a retrovirus pSIREN-RetroQ system (Clontech, Moutainview, CA, USA). The packaging cell line 293T was cotransfected with Jab1 shRNA--vector DNA along with the helper vectors pCGP and pVSVG using the Lipofectamine PLUS reagent. The supernatant was collected 48 h after transfection, filtered through a 0.45μm syringe filter, supplemented with 1.2 μg/ml of Polybrene, and used to infect target cells. The medium was replaced by RPMI-1640 with 10% FBS after 12 h. Stable clones were selected following treatment with puromycin at 0.8 μg/mL for 2 weeks. Positive clones were further confirmed by immunoblot analysis and maintained in 0.2 μg/mL puromycin.

Cell proliferation assay {#S15}
------------------------

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to evaluate relative viable cells. Cells were UV irradiated in a FB-UVXL-1000 UV crosslinker (Fisher) or γ-irradiated using a J. L. Shepherd and Associates (CA) Mark I-30 ^137^Cs irradiator at MD Anderson Cancer Center. Briefly, 48 h after transfection, NPC cells were seeded in 96-well plates or 24-well plates in RPMI-1640 medium with 10% FBS, overnight, then cells were exposed to different concentrations of cisplatin or doses of UV or IR as indicated. The MTT labeling reagent was added, and the spectrophotometric absorbance of the samples was read using a microplate (ELISA) reader at 570 nm. The data were analyzed using GraphPad Prism 4 (GraphPad Software, La Jolla, CA, USA) to obtain the IC50. The relative resistance factor (RRF) was calculated by dividing the IC50 of cells with altered Jab1 expression by the IC50 of control cells.

Colony formation assay {#S16}
----------------------

CNE2 cells with shRNA-mediated knockdown of Jab1 and control cells (400 cells/well) were plated in six-well plates with RPMI-1640 medium and 10% FBS for growth analysis. The following day, the cells were treated with or without indicated doses of cisplatin or UV or IR for 48 h. After 10 days, the cells were fixed, stained with 0.1% crystal violet, and scored by counting the number of colonies with an inverted microscope, using the standard definition that a colony consists of 50 or more cells.

Hoechst 33342 staining {#S17}
----------------------

To detect apoptosis, nuclear staining was performed as described previously ([@R43]) using 10 mg/ml Hoechst 33342, and cells were analyzed with a fluorescence microscope (magnification x200 for nuclear analysis and x100 for morphologic analysis). Apoptotic cells were identified by morphologic features and by the presence of condensed and fragmented nuclei. The percentage of apoptotic cells was calculated as the number of apoptotic cells divided by the number of total cells multiplied by 100. Three independent experiments were conducted, and at least 300 cells were counted for each experiment.

Flow-cytometry analysis of the cell cycle and apoptosis {#S18}
-------------------------------------------------------

PI staining was performed as described previously ([@R43]). Briefly the treated cells were fixed overnight, washed in cold phosphate-buffered saline (PBS), labeled with PI, and analyzed after staining using a FACScan flow cytometer (BD Biosciences).

For dual Annexin V-fluoroisothiocyanate (FITC) and PI staining, siRNA-treated cells were exposed to 5 μmol/l cisplatin for 48 h and then collected and resuspended in binding buffer containing Annexin V-FITC and PI according to the manufacturer's recommendations. Annexin V-FITC and PI staining were quantified using a FACScan flow cytometer.

Cell extracts and immunoblotting {#S19}
--------------------------------

The treated cells were collected, washed twice in cold PBS, and lysed as described previously ([@R15]). Proteins in the total cell lysates were separated by 10% sodium dodecyl sulfate--polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and probed with anti-Jab1, anti-Myc, anti-PARP, anti-caspase-3, anti-Rad51, anti-p-Chk2, and anti-γ-H2AX antibodies. β-actin was used as the internal positive control for all immunoblots. Immunoreactive bands were detected using horseradish peroxidase (HRP)-conjugated secondary antibodies with the Western Lightning Chemiluminescence Plus reagent (Thermo Scientific Pierce, Rockford, IL, USA). The protein levels were quantified using ImageJ software (National Institute of Mental Health, Bethesda, MD, USA; <http://rsb.info.nih.gov/ij>). PARP and caspase-3 activity were measured as the percentage of cleaved PARP or caspase-3 in the samples. This was calculated as the ratio of the intensity of the bands corresponding to the cleaved proteins to the intensity of the bands corresponding to the total proteins as follows: % PARP or caspase-3 = 100% × Tc/Tt, where Tc is the intensity value of the cleaved protein bands, and Tt is the intensity value of total protein bands.

RNA extraction and quantitative PCR {#S20}
-----------------------------------

Total RNA was extracted using Trizol regent, and assessed by quantitative PCR using commercially available TaqMan^®^ gene expression assays from Applied Biosystems for the Jab1, Rad51, and GAPDH. The thermal profile for quantitative real-time PCR (Q-PCR) reactions in the Step One instrument (Eppendorf) was 30 min at 48°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. All samples were normalized to internal controls and fold changes were calculated through relative quantification (2^-ΔΔCt^) following the supplier's protocol.

Reverse-phase protein array analysis {#S21}
------------------------------------

Jab1 siRNA-- or control siRNA--treated NPC cells were seeded in six-well plates overnight, treated with 40 J/m^2^ UV radiation or 5 μM of cisplatin, and harvested after 48 h. The preparation of protein lysates for RPPA analysis has been described previously ([@R44]). The RPPA analysis was performed by the Functional Proteomics Core Facility at The University of Texas MD Anderson Cancer Center. Samples were analyzed for the expression of 136 protein markers using RPPA-validated antibodies ([Supplementary Table S1](#SD3){ref-type="supplementary-material"}). Results were normalized as previously described ([@R44]). After correcting for sample loading differences, the protein expression levels were normalized against those of the untreated control cells. Clustering analysis was performed using Cluster 2.1 and visualized using Treeview software (<http://rana.lbl.gov/EisenSoftware.html>).

Statistical analysis {#S22}
--------------------

Statistical analysis of the results was done using Student *t* test when only two groups were compared, or one-way analysis of variance when more than two groups were compared. Differences between groups were stated to be statistically significant when *P* \< 0.05. All computations were carried out with SPSS 19.0 (SPSS, Chicago, IL, USA)
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![Characterization of NPC cell lines. (a) CNE1, CNE2, and HONE1 cells were treated with various doses of cisplatin (CP, left) or IR (middle) or UV (right) for 48 h. Relative viable cells were measured by the MTT assay, and the relative resistance factors (RRFs) are shown (bottom). **(b)** Cisplatin, IR and UV inhibit relative viable cells in a time-dependent manner. CNE2 cells were treated with 10 μM CP or 32 Gy IR or 80 J/m^2^ UV for the indicated times, and relative viable cells was measured by the MTT assay. **(c)** Apoptosis was measured by Hoechst 33342 staining. (Top) NPC cells were treated with 5 μM CP or 40 J/m^2^ UV for 72 h, nuclei were stained with Hoechst 33342, and imaging analysis was performed as described in the Materials and Methods. The white arrows indicate apoptotic cells. Original magnification, ×200. (Bottom) Quantification of the cell staining. **(d)** Measurement of apoptosis by PI staining. (Top) NPC cells were treated with 2.5 μM CP or 4 Gy IR or 20 J/m^2^ or 40 J/m^2^ UV for 48 h, followed by PI staining as described in the Materials and Methods. (Bottom) Quantification of PI staining. All data represent three independent experiments, mean ± s.d. \*P \<0.05, \*\*P \<0.01.](nihms383122f1){#F1}

![Effect of Jab1 depletion on the sensitivity of NPC cells to cisplatin, IR and UV irradiation. **(a)** Jab1 expression in NPC cells. CNE1, CNE2, and HONE1 cells in the logarithmic growth phase were collected and lysed, followed by western blotting for Jab1. β-actin was used as a loading control. (Right) Quantification of Jab1 expression. **(b, c, d, e)** Effect of knockdown or ectopic overexpression of Jab1 on the sensitivity of NPC cells to cisplatin, IR and UV. HONE1 (b) and CNE2 (c) cells were transiently transfected with a Jab1 siRNA (Jab1-si) or scrambled control siRNA (Cont-si), CNE2 (d) cells were stably transfected with Jab1 shRNA (sh-Jab1) or control shRNA (sh-Cont), CNE1 (e) cells were transfected with ectopic Jab1 (Myc-Jab1) or a control vector (pcDNA). Cells were then analyzed for their Jab1 expression level (left) and response to cisplatin (CP), IR irradiation (middle) UV (right) as described in the Materials and Methods. Data represent three independent experiments, mean±s.d. \* P \<0.05, \*\*P \<0.01.](nihms383122f2){#F2}

![Effect of Jab1 on DNA damage-induced apoptosis. HONE1 cells were transiently transfected with either Jab1 siRNA (Jab1-si) or scrambled control siRNA (Cont-si) and treated with cisplatin (CP) **(a)** or IR **(b)** or UV **(c)** at the indicated doses. Apoptosis was analyzed by PI staining (left) or detection of cleaved PARP and caspase-3 by western blotting (right). **(c)** CNE1 cells were transfected with ectopic Myc-Jab1 plasmid and treated with cisplatin (CP) or UV for 48 h. Apoptosis was analyzed by Hoechst 33342 staining for condensed nuclei (left) and detection of cleaved PARP and caspase-3 by western blotting (right). Data represent three independent experiments, mean±s.d. \*P \<0.05, \*\*P \<0.01.](nihms383122f3){#F3}

![Role of Jab1 in the response of NPC cells to cisplatin (CP), IR and UV. CNE1 and CNE2 cells were transiently transfected with Jab1 siRNA (Jab1-si) or scrambled control siRNA (Cont-si) and treated with CP, IR or UV for 48 h. Apoptosis was analyzed by Annexin-V and PI staining **(a)**, detection of cleaved PARP (C-PARP) and caspase-3 (C-Caspase 3) **(b, c and d)**. The percentage of CNE2 cells in the sub-G1 phase are shown **(b and c, right)**. Data represent three independent experiments, mean±s.d. \*P \<0.05, \*\*P \<0.01.](nihms383122f4){#F4}

![Knockdown of Jab1 impairs DNA repair and decreases expression of the DNA repair gene *Rad51*. **(a)** (Left) RPPA analysis of cisplatin (CP)- and UV- treated NPC cells. Cell lysates were harvested after treatment with 5 μM CP or 40 J/m^2^ UV for 48 h. Samples were organized by treatment, which is indicated on the right side of the heat-map. (Middle and Right) The response of the cells to CP or UV was normalized against the response of untreated cells. **(c, d)** HONE1 cells were transfected with Jab1 or control siRNA 48 h before CP, UV or IR exposure. Cell lysates were prepared 48 h after CP, UV or IR exposure and western blotting was performed with the indicated antibodies related to DNA damage and repair proteins.](nihms383122f5){#F5}

![Jab1 associates with Rad51 and contributes to cisplatin (CP), IR and UV resistance. **(a)** NPC cells were transfected with Myc-Jab1 plasmid DNA or siRNA or transduced with Jab1 adenovirus in the presence or absence of doxycycline (Dox) for 48 h. Cell lysates were prepared 48 h after transfection or from cells stably expressing control (sh-Cont) or Jab1 shRNA (sh-Jab1) and western blotting was performed with the Jab1 and Rad51 antibodies. (Right) Correlation plot of Jab1 and Rad51 blot intensities obtained from control and treated cells. A fair linear correlation was obtained. **(b)** NPC cells were transfected with siRNA for 48 h, cells lysates were prepared and the levels of Jab1, p53 and Rad51 were determined by western blotting. **(c)** sh-Cont or sh-Jab1 stable CNE2 cells were transfected with siRNA for 48 h, then total protein and RNA was extracted and expression protein or RNA levels of the Jab1 and p53 and Rad51 were quantified by western blotting (left) or real time qRT-PCR (right). **(d)** CNE2 cells stably expressing sh-Jab1 were transfected with pcDNA or HA-Rad51 plasmid DNA. (Left) Western blot analyses demonstrated the effective knockdown and ectopic expression of Jab1. (Right and bottom) Colonies were stained with crystal violet 10 days after CP, IR and UV exposure. **(e)** (Top) CNE2 cells stably expressing sh-Cont or sh-Jab1 were exposed to UV or IR or CP. (Bottom) Cells stably expressing sh-Jab1 were transfected with pcDNA or HA-Rad51 plasmid DNA and then exposed to CP, IR and UV. Cleaved caspase-3 and γ̃H2AX were examined 48 h after exposure. All data represent three independent experiments, mean±s.d. \*P \<0.05, \*\*P \<0.01.](nihms383122f6){#F6}
